glassy alloys was investigated. For the both alloys, the addition of 2.5 at%Si was found to be effective for the extension of the supercooled liquid region (∆T x ) defined by the difference between the glass transition (T g ) and crystallization temperature (T x ). The ∆T x value is 28 K for the Fe 77 Ga 3 P 12 C 4 B 4 alloy and increases to 48 K for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 alloy. The effectiveness of Si addition can be interpreted in the framework of the three component rules for the formation of bulk glassy alloys and the stabilization of supercooled liquid. The three component rules are satisfied at a high degree of level by the addition of Si. The glassy single phase was obtained in the diameter range up to 2.5 mm for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 glassy alloy and 2.0 mm for the Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 glassy alloy. The glassy alloys exhibited high saturation magnetization (I s ) and good soft magnetic properties, i.e., high I s of 1.36 and 1.40 T, and low coercive force (H c ) of 4.25 and 3.35 A/m, respectively. The high I s and low H c as well as high glass-forming ability of the Fe-based bulk glassy alloys are promising as a new type of soft magnetic bulk alloy.
Introduction
Since the discoveries of a new series of glassy alloys with a large supercooled liquid region before crystallization and a high glass-forming ability leading to bulk glassy alloys in Mg-, 1) Ln- 2) and Zr- 3) based systems for several years between 1988 and 1990, research subjects on disordered alloys have dramatically changed. This is attributed to the breakthrough point that these new glassy alloys have much lower critical cooling rates which are six to eight orders smaller than those for the other simple metal-based and transition metal-based amorphous alloys. [4] [5] [6] [7] Subsequently, a number of bulk glassy alloys have been synthesized in various alloy systems including Fe-, 8) Co-, 9) Ni- 10) and Cu- 11) based alloys. The lowest critical cooling rate for glass formation reaches as low as 0.06 K/s 12) and the largest thickness for glass formation is as large as 80 mm. 13) Among these bulk glassy alloy systems, one of the most important alloys can be regarded as Fe-based alloys exhibiting good soft magnetic properties. As typical Fe-based alloy systems, one can list up Fe-(Al, Ga)-P-B-C, 8) Fe-(Nb, Cr, Mo)-(Al, Ga)-P-B-C, 14) Fe-(Cr, Mo)-Ga-P-B-C, 15) Fe-Co-Ga-P-B-C, 16) Fe-Ga-P-B-C, 17) Fe-(Zr, Hf, Nb)-B, 18) Fe-(Zr, Hf, Nb)-Mo-B, 19) Fe-Co-Ln-B (Ln = Lnthanide), 20) and Fe-(Cr, Mo)-B-C. 21) In the development procedure of these new bulk glassy alloys, the component rules leading to the formation of bulk glassy alloys through stabilization of supercooled liquid have been proposed in 1994 4) and the rules have enabled us to find a number of bulk glassy alloy systems. Here, it is important to point out that the above-described Fe-based alloys were developed on the basis of the component rules, i.e., multicomponent consisting of more than three elements, significantly different atomic size mismatches above 12% among the main three elements, and suitable negative heats of mixing among the main elements. 5, 6) Although the saturation magnetization of Fe-based soft magnetic bulk alloys developed in six years from 1995 to 2000 is in the range of 1.1 to 1.3 T, 8, 14, 16, 17) we have succeeded more recently in synthesizing the Fe 74 Co 4 Ga 2 P 12 C 4 B 4 bulk glassy alloy exhibiting a high saturation magnetization of 1.43 T. 22) However, the glass-forming ability of the newly synthesized Fe-based alloy was not always high and the maximum thickness was just 1 mm. It is generally known that the addition of metalloid element Si can increase the saturation magnetization, 23) accompanying the improvement of glass-forming ability. 24) Based on these results, we examined the effect of the additional Si in the FeGa-P-C-B alloy system with the aim of synthesizing a new bulk glassy alloy with high glass-forming ability, high saturation magnetization and good soft magnetic properties. This paper intends to present two new Fe-based alloy systems of Fe 77 Ga 3 P 12−x C 4 B 4 Si x and Fe 78 Ga 2 P 12−x C 4 B 4 Si x with high saturation magnetization of 1.36 T to 1.4 T and low coercive force of 3.35 to 4.25 A/m, in which bulk glassy alloys in the diameter range up to 2.5 mm are formed by copper mold casting. The effect of Si on the glass-forming ability and magnetic properties of these Fe-based glassy alloys is also discussed.
Experimental Procedure
Multicomponent Fe-based alloys with compositions of Fe 77 Ga 3 P 12−x C 4 B 4 Si x and Fe 78 Ga 2 P 12−x C 4 B 4 Si x were examined in the present study. The ingots were prepared by induction melting a mixture of pure Fe and Ga metals, Si metalloid, prealloyed Fe-C and Fe-P ingots, and pure B crystal in a purified argon atmosphere. Their compositions are nominally expressed in atomic percentage. From the master alloy ingot, a ribbon with a cross section of about 0.020 × 1.0 mm 2 was prepared by melt spinning. Cylindrical rods with diameters up to 3.0 mm and a length of 40 mm were also made by copper mold casting in an argon atmosphere. The amorphicity of the ribbons and rods was examined by X-ray diffractometry with Cu-Kα and optical microscopy (OM). The specific heat associated with glass transition, supercooled liquid region and crystallization was measured at a heating rate of 0.67 K/s with a differential scanning calorimeter (DSC). The liquidus temperatures (T l ) of alloys were measured by cooling the molten alloy samples at a rate of 0.033 K/s with a differential thermal analyzer (DTA). Magnetic properties of saturation magnetization and coercive force were measured with a vibrating sample magnetometer (VSM) and a B-H loop tracer.
Results
It has been confirmed in the X-ray diffraction patterns that the melt-spun Fe 77 Ga 3 P 12−x C 4 B 4 Si x and Fe 78 Ga 2 P 12−x C 4 -B 4 Si x alloy ribbons are composed of a glassy phase without any crystallinity over the whole composition range up to 3.5 at%Si. The effect of additional Si element on the thermal stability of the supercooled liquid for both the alloy systems was examined by DSC. Figure 1 shows DSC curves of the melt-spun Fe 77 Ga 3 P 12−x C 4 B 4 Si x (x = 1.5, 2, 2.5, 3, 3.5) glassy alloys. With increasing temperature, these glassy alloys show the sequent change of the glass transition, followed by a supercooled liquid region and then crystallization. The temperature interval of the supercooled liquid region (∆T x ), which is defined by the difference between glass transition temperature (T g ) and the onset temperature of crystallization (T x ), increases to 48 K when the Si content increases to 2.5 at%. In addition, the internal equilibrium state in which the disordered structure can be fully relaxed during continuous heating at the rate of 0.67 K/s is maintained in the temperature interval of 20 K before crystallization for the 2.5 at%Si alloy. Moreover, it is seen that the crystallization takes place through a single exothermic stage. The further increase in Si content resulted in a two-stage crystallization, accompanying a decrease in ∆T x . It is also noted that the Curie temperature marked with T c in Fig. 1 24, 25) A detailed investigation of the microstructure is expected to shed some light on the reason for the effect of Si addition on the soft magnetic properties. From the compositional dependence of ∆T x , T g /T l , T c , I s and H c , it is concluded that the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 and Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 glassy alloys have good combination of higher thermal stability of the supercooled liquid and better soft magnetic properties with higher T c . Consequently, the subsequent trial of preparing a bulk glassy alloy by copper mold casting was made for the two alloys. Figure 5 shows the outer surface of the cast Fe 77 Ga 3 P 9.5 C 4 -B 4 Si 2.5 rods with diameters of 1 to 2.5 mm. These rods have smooth surface and good metallic luster and no appreciable ruggedness corresponding to a crystalline phase can be observed on the outer surface. In order to examine the formation of an amorphous phase and the absence of micrometer scale crystalline phase in the rod samples, the cross sectional structure was examined by optical microscopy. No contrast typical to a crystalline phase can be observed over the whole cross section for all the samples. The X-ray diffraction patterns taken from the transverse cross sections of the rod samples in the diameter range up to 2.5 mm consist only of a broad peak around 2θ = 44.5 degrees and no diffraction peak corresponding to a crystalline phase is observed. These results indicate that the bulk alloys are composed of a glassy phase without crystallinity. The thermal stability of the cast glassy rods was examined by DSC for comparison with that of the melt-spun glassy ribbon with a thickness of 20 µm. Figures 6 and 7 show the DSC curves of the glassy rods in the diameter range up to 2.5 mm for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 alloy and 2.0 mm for the Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloy, respectively. No appreciable difference in T c , T g , T x , ∆T x , and crystallization process is observed between the melt-spun ribbon samples and the bulk samples for both the alloys. Table 1 summarizes the maximum sample diameter (d m ), thermal stability and magnetic properties of the bulk glassy Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 and Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloys. The d m and I s are 2.5 mm and 1.36 T, respectively, for the former alloy, and 2.0 mm and 1.40 T, respectively, for the latter alloy. Within the author's limited knowledge, the saturation magnetization values are believed to be the highest for Fe-based bulk glassy alloys with diameters above 2 mm.
Discussion
As described above, the replacement of P by 2.5 at%Si for the Fe 77 Ga 3 P 12 C 4 B 4 and Fe 78 Ga 2 P 12 C 4 B 4 glassy alloys caused the significant increases in the supercooled liquid region before crystallization and glass-forming ability. Here we discuss the reason for the increases in the thermal stability of the supercooled liquid and glass-forming ability by the addition of 2.5 at%Si. It is important to point out that the addition of Si to Fe-Ga-P-C-B alloys causes an increase in the degree of satisfaction of the above-described three component rules. 5, 6) The addition of Si has a relatively large negative heat of mixing against the main element Fe.
26) However, we could not detect any kind of compounds containing Si as a constituent element after annealing at temperatures exceeding the crystallization temperature. That is, the crystallized structure is composed of α-Fe, Fe 3 P, Fe 3 B and Fe 3 C. In addition, crystallization occurs through a singe-stage exothermic reaction. It has been previously pointed out that the single-stage crystalline mode is an important factor for the achievement of stabilized supercooled liquid of Fe-based alloys.
8) The crystallization mode requires long-range rearrangements of the constituent elements leading to the retardation of the crystallization reaction. As a result, such Fe-based alloys can have high stability of the supercooled liquid and high glass forming ability. Furthermore, the replacement of P by 2.5 at%Si is expected to cause a further increase in the difficulty of the atomic rearrangements, because of the atomic sizes of the metalloids change in the order of Si > P > B > C. 27) The increase in the variety of atomic sizes also implies that the atomic rearrangement for the crystallization reaction becomes difficult. In addition, T l of both the alloys decreases by the additional 2.5 at%Si as shown in Figs. 2 and 3 , resulting in the increase of T g /T l . The further increase in Si content (more than 2.5 at%) changes the crystallization mode to twostage with the primary crystallization phase of α-Fe. The easy crystallization of α-Fe phase decreases the thermal stability of the supercooled liquid and the glass forming ability for the Fe-based glassy alloys, as demonstrated in Fig. 1 .
The reason for the increase of I s with the replacement of P by 2.5 at%Si is not so clear although some research results have been reported before. 23, 24) It has been suggested that this phenomena may result from the difference between the valence electron of metalloids of P and Si, the numbers of outer electrons are 3 and 2 for P and Si, respectively. 23, 28) It is considered that the magnetic moment of Fe will decrease if there are some electrons coming from the metalloids fill up the 3d band of Fe. Therefore, the decrease of electrons through the replacement of P by Si can increase the magnetic moment of Fe. The reason for the significant increase of H c in the Si content range above 3 at% has been mentioned above. Here, we discuss the reason for the gradual increase of H c with increasing Si content up to 2.5 at% briefly. It may be considered to result from larger atomic size of Si. The atomic sizes of the metalloids change in the order of Si > P > B > C. 27) The dissolution of Si with larger atomic size will increase the internal stress, and therefore, result in the increase of H c .
Summary
With the aim of searching new Fe-based glassy alloys with high glass-forming ability and good soft magnetic properties, we examined the effect of Si addition on the ∆T x , T g /T l , d m , I s and H c for the Fe 77 Ga 3 P 12−x C 4 B 4 Si x and Fe 78 Ga 2 P 12−x C 4 B 4 Si x glassy alloys. The results obtained are summarized as follows.
(1) The ∆T x increased by the addition of Si and the maximum value was obtained at 2.5 at%Si for both the alloys. The largest ∆T x value is 48 K for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 alloy and 40 K for the Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloy.
(2) The T g /T l also increased by the addition of Si and the maximum values of 0.60 and 0.59 were obtained for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 and Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloys, respectively.
(3) The d m obtained by copper mold casting was 2.5 mm for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 alloy and 2.0 mm for the Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloy. Considering that the d m is about 25 µm for the Si free alloys, the Si addition is very effective for the stability of supercooled liquid against crystallization as well as the glass-forming ability.
(4) The Fe-based bulk glassy alloy rods containing Si contents up to 2.5 at% exhibit ferromagnetic characteristics. The T c , I s and H c are 633 K, 1.36 T and 4.25 A/m, respectively, for the Fe 77 Ga 3 P 9.5 C 4 B 4 Si 2.5 alloy, and 625 K, 1.40 T and 3.35 A/m, respectively, for the Fe 78 Ga 2 P 9.5 C 4 B 4 Si 2.5 alloy. The combination of high glass-forming ability and good soft magnetic properties allows us to expect the future application of these two bulk glassy alloys.
